Laboratory simulations have been carded out to test the possibility that interactions of SO2 and silicates can produce Na-S compounds which can account for the observed surface enrichment of Na relative to Si on Io. A wide variety of silicate compositions were heated under oxidizing conditions with a SO2/O2 = 1 gas phase at a mid-level crustal temperature for Io (1123K). All experiments produced surfate deposits on the silicate surfaces. The nature of the surfate changed systematically with the silicate CafNa ratio, with mixtures of CaSO4 and Na-rich sulfate formed by basaltic compositions having higher Ca/Na but only alkali-rich sulfates formed for more granitic (low Ca/Na) compositions. For crystalline albite and an albite-orthoclase eutectic glass composition, K and Al-rich sulfates were formed. Assuming that burial of SO 2 to the temperatures of our experiments is plausible on Io and that somewhat less oxidizing conditions do not qualitatively change the results, SO2-rock interactions producing Na-rich sulfates could account for the Io surface enrichment in Na. Observations on minor elements, such as K or Ca, in the atomic cloud or in magnetospheric ion spectra could be used to identify sulfates as Io surface phases and, conceivably, even define Ionian crustal magma types. Many analyses show significant S excesses which are best interpreted as due to the presence of bisulfate (HSO,) components, and NaHSO4 deserves consideration as an Io surface mineral. The possibility of elemental S on Io can be regarded as a totally separate issue from the problem of the surface Na enrichment.
JOHNSON AND BURNETT: SOz-ROC•C INTERACTION ON Io
The Kilauea alkali basalt (KAB) contained crystals of pyroxene and plagioclase in a glassy matrix. The Mono obsidian contained small spheres of magnetite. All other samples were compositionally homogenous to the scanning electron microscope (SEM). The samples were cut into small pieces with a diarnond saw and cleaned by ultrasonic agitation in reagent ethanol soaking in hot reagent trichloroethylene, and ultrasonic agitation in spectroscopic-grade methanol. Samples were kept in air • aluminum foil cleaned by this process before encapsulation.
Materials were exposed to a SO2/O2 = 1 gas mixture generated by the thermal decomposition of K2S208 (Alfa 18227, ultrapure).
Each experiment used about 50 mg K,2SaO s , enough to genera• about 3 atto total pressure at 1123 K. SEM analyses of the KaS208 decomposition residue (presumably KaSO4) showed no detectable Na; thus there is no evidence that by acting as a Na getter, the KaSO 4 has significantly affected the outcome of •e alteration reactions on the silicate glasses. In most runs, an evacuated "hourglass" silica glass capsule was used to isolate samples from residual K2SO 4. The K2S20• went into the lower part of the hourglass; the upper contained one large (5x5 mm) and one small piece of sample, plus one 5x5 mm flat piece of silica glass control. Capsules were placed in a horizontal furnace, the temperature was raised to 1123 K (850øC), and samples were kept at this temperature for 7 days before air quenching. Heating times were of the order of an hour; cooling times were minutes. Reaction rates are sufficiently slow that it is very unlikely that significant reaction occurred during the heating and cooling stages. On opening, the existence of unreacted SO2 was confirmed by sniffing; in most cases, SO2 was found by this technique. Long-duration runs for KAB and obsidian (Table 1) were odorless, due to complete SO2 reaction, or, less likely, leakage due to capsule devitrification. Products were analyzed using a SEM and an energy dispersive X ray analysis system. Comparison of point versus large area Na counting rates at different current levels on a flat sample of thenardite (Na•SO4) indicated beam-induced Na migration losses are not important (<10%). Spot spectra were necessary in the fine-grained reaction products; but, whenever possible, analyses were made by scanning the beam over a 5x5 pm area.
Samples mounted for analysis were flat to the eye; nevertheless; because samples tended to deform or acquire undulating surfaces during heating and because reaction products did not grow as flat films, analyzed surfaces were generally not flat, so that quantitative analysis was difficult. Corrections for local tilt were made based on the absolute S counting rate compared to flat thenardite and anhydrite standards, or, preferably, by measuring the changes in X ray peak counting rates when the sample was rotated 180 ø. Either technique permitted an estimate of the tilt angle. Corrections for the effect of tilt were calculated based on the procedures described by Armstrong [1988] .
RESULTS
All elemental ratios in the following discussion are given in molar proportions. Unless specifically indicated, all experiments are 1123øK, 7 days. A summary of experiment numbers is included in Table 1 . The internal structure of stone mounds consisted of a crisscross pattern of vertically oriented plates. Other mounds were volcanoshaped with a raised rim and hollow interiors. Th• amount of reaction is less for albite than for AbOr. K, A1, Nasalfate occurs as smooth-surfaced puddles surrounding silica mounds or as isolated rough-textured regions. The K and S ira the albite reaction products must come from the gas phase produced by K2S20 s decmnposition, but the Na and A1 are from the albite. The pathv•ay for the Na to enter the sulfate could be through the gas phase, but as A1 is a very refractory element, the A1 in the sulfate The systematic SEM examination of the silica glass controls found no element other than Si, providing additional e x, idence that the sulfates are reaction products rather than vapor deposits. The control silica glass from the Chon experilnent was ½xatnined by photoelectron spectroscopy, which is more sensitive to surface dev}sits than the SEM; no S, Na, or K was found. The surface of the KS-11A (obsidian) sample was co•ered in a white crust., primarily silica with only minor amounts of alkalirich sulfate, very different from the albite and AbOr. No S phases were found in a control experiment in which powdered obsidian was healed (vacuum, 1123 K, 7 days) without SO 2 present. Because of the small amount of reaction for KS-11A (7 days), a 26-day experiment (KS-11B) was carried out. Larger amounts of sulfate were produced on the obsidian froth KS1 lB, but also the surface of the silica glass control was coated with 1-10 pm alkali sulfate droplets. The droplets were covered with a fibrous fuzz (Figure 2 ) that also appears to be sulfate.
Descriptions of Run
KS-5 (soda-li•ne) had expanded and cracked. The surface was coated with large plates of relatively pure, apparently crystalline, Na2SO, • immersed in rough-textured Na-rich sulfate overlying a Ca-bearing silicate surface (Figure 3) . The rough-textured sulfate could be a quenched liquid. The large sulfate patches cover about 30% of the surface. The "puckered" morphology was not seen on other samples. KS-4 (soda-lime), an early run in which K28208 was mixed with soda-lime glass pieces also produced pools of Na-rich sulfate. KS-3 (soda-lime) was a mixture of millimetersized glass pieces and K?q208 run at 923 K. At th•s temperature, the K2S208 is incompletely broken down, with less oxygen accompanying the SO_,. Alkali-rich sulfates are seen as rims on K2SO 4, but the amount of reaction appears much less than the 1123 K experhnents. The soda-lime samples are unique in that pure SiO 2 regions are not observed on the surface. KS-13 (AbAnDi glass) reacted heavily. The surface texture is complex, containing SiO 2 volcano structures surrounded by smooth "puddles" of Na-rich sulfate, planar growths of Na-rich sulfate (crystals?), and relatively large plates of CaSO4. After initial study of the surface products, this sample was mounted in epoxy, and a cross-sectional area was exposed by grinding and polishing. The surface reaction layers that survived the sectioning process range from 15 to 50 l•m in thic•kness and are equally complex in this view. At some points, 10-25 •tm thick SiO 2 layers, the base of the volcanos, are present but are always underlain by a sulfate layer. At other points, the s'ulfate is thicker and goes all the way to the surface. For at least 100 lure below the reaction layers the AbAnDi glass shows major compositional .. , ,.
. . .,t.
• "' ,.. For other samples (e.g., AbAnDi or the 7-day obsidian run (KS11A)), the observed variations are ahnost as large as the tota! range of satnples. It is not understood why some K-free silicate compositions forth K-rich sulfates (e.g., albitc) using gas phase Kspecies t¾0•n the K2S208 dcct•mpt)siti{m, whtle t•thcr co•nv)sitions (soda-li•ne, Cron) fi-•nn Na-rich but K-poor sulfates. There is a rather pt•or correlation of silicate Na20 and sulfate Na/S, although the highest and lowest Na/S (soda-li•ne and AbOr) correspond to the highest and lowest silicate Na20. Sixnilm'ly, the A1 contents of the sulfatcs tu-e not well-correlated with the. silicate A1 content.
The droplets from the long duration obsidian experiment (liB; in the SEM vacuum system. A/ternatively, the excess S could represent a mixture of sulfates and elemental S. Elemental S would be surprising, given the highly oxidizing conditions of the experiment, but it could form as a reaction product of SO2 with organic contaminants. Roughly 3040 mg of organic C are required, amounts which cannot be excluded. We must also assume that the reaction rate of organic contaminants with SO2 is much faster than with O: and that, once formed, the rate of oxidation of S is low. Furthermore, it is not easy to explain why independently formed elemental S and sulfate would be so intimately mixed. It may be necessary to postulate that the elemental S is soluble in an alkali-A1 sulfate liquid. Overall, the presence of bisulfate cmnponents is more plausible.
Degree of Reaction
The amount of sulfate formation was highly variable among the different silicate compositions. The natural rock samples (obsidian and KAB basalt) reacted slowly; the albite and synthetic glasses showed extensive reaction. Longer-duration experiments were required to obtain sufficient amounts of reaction products for the natural rock samples (Table 1) . Some unreacted surface was seen in albite and soda-lime runs. The AbOr and chondrule glass samples were completely covered by reaction products. The AbAnDi glass had undergone a change to a more K-rich composition down to 100 pm depths. The thickness of the sulfate layers on this sample corresponds to -2-7 pm/d, a relatively high alteration rate. The alteration rate of the KAB sample is much lower, <1 pm/d. Table 2 gives a consistent organization of our results in terms of silicate Ca/Na. A major issue is the competition between CaSO4 and Na-rich sulfates, and as Table 2 shows, mixtures of Na-rich sulfate and CaSO 4 were found for the KAB alkali basalt, chondrule glass and AbAnDi glass (highest Ca/Na). The important point is that alkali-rich sulfates formed in all experiments, although there is a progressive change in the nature of the alkali sulfate phases with Ca/Na. Relatively Na-poor, Krich, AI-rich sulfates were formed from the AbOr and a/bite compositions (Ca/•a=0). The obsidian (Ca/Na=0.08) shows Narich sulfate usually with low K, low A1, and no Ca. As silicate Ca/Na increases, K and A1 in the Na-rich sulfate decrease, and Ca and Mg appear. Table 2 is oversimplified in that the composition of the Na-rich sulfate is highly variable and in that there may be coexisting Na-rich sulfate crystals and liquid in many samples. It is possibly significant that at an intermediate Ca/Na (soda lime) essentially pure Na2SO 4 was formed.
DISCUSSION

Overview of Results
Formation of the Na-rich sulfate in the KAB basalt experiment is somewhat surprising. Only CaSO4 would have been expected from the work of Carroll and Rutherford [1985, 1987] Summarizing, sulfate formation is expected and occurs readily at the temperatures and redox conditions of our experiments. If the atomic Ca/Na ratio in the silicate glass is not too high (less than about 0.25), only alkali, Al-rich sulfates form. But, at higher Ca/Na, extending beyond the chondrite ratio of 1, two sulfates form: CaSO4 and a Na-rich sulfate.
Implications for !o
Further experiments axe needed at less oxidizing conditions to be certain, but our present results suggest that, for a wide range in silicate compositions, Na-rich sulfate formation by the interaction of SO 2 and silicates in the lower crust of Io is a possible mechanism for accounting for the Na-rich (relative to Si) surface. Several spectral studies have unsuccessfully searched for Na2504 on Io; however, quantitatively, up to 20% surface Na2SO4 (unpublished manuscript, 1984) . Formation as an alteration product, analogous to the way our experiments have been performed, may enable easy separation from silicates, as required by the observed Io surface chemistry. Preferential (relative to silicates) transport of sulfates could readily occur during fumarolic SO 2 eruptions.
A potentially important conclusion for !o from our experiments is that although sulfate formation occurred for all silicate compositions, pure Na2SO 4 results only under fairly restricted conditions (limited range of silicate Ca/Na?). More typically, other cations (K, A1, Ca, Mg) are also significant. Observations or upper limits on these minor constituents, either in the atomic cloud surrounding Io or in the magnetospheric ion spectra test for the presence of Na-rich sulfates and possibly provide a means of a broad identification of Io crustal magma types, with granitic magmas contributing K and A1 but with more basaltic magmas favoring Ca and Mg in addition to Na. It is premature to interpret the absence of these elements in magnetospheric ion spectra at present, as quantitative upper limits have not been published. Atomic K has been detected in the Io cloud, but there are only broad limits on K/Na (0.05-0.5 atomic; chondritic ratio 0.07 [Trafian, 1976; Miinch et al, 1976] ). There is a significant limit on Ca/Na (<0.03; chondritic ratio = 1 [Traftan, 1976] ).
These observations provide some constraints on the nature of Io crustal silicates. As a specific example, our obsidian experiment provides a simulation of conditions in a highly differentiated granitic crust on Io. Here, primarily Na, K, Al-rich sulfates are formed (Figures 5a and 5b ). For this model the Io surface K/Na and Ca/Na ratio should be above and below chondritic, respectively, compatible with observations. On Earth, granitic continental crust has increased K/Na and decreased Ca/Na compared to the bulk earth, most likely as the result of plagioc!ase fractionation. It is plausible that an analogous K/Na enhancement would occur on Io, but more study is required on K/Na fractionations during sulfate and sulfide formation. In either case it is likely that a high K/Na in the atomic Io cloud would probably be strong evidence for evolved granitic magmas 
